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“Sustainable development 
meets the needs of the present 

without compromising the 
needs of the future 

generations.” 

UN Commission (1987)



Defining Sustainable Biofuels

The idea of sustainability

3

“Sustainable development 
meets the needs of the present 

without compromising the 
needs of the future 

generations.” 

UN Commission (1987)

Kumbaya



Defining Sustainable Biofuels

The idea of sustainability

4

“The common aim must be to expand 
resources and improve quality of life for 

as many people as heedless population 
growth forces upon Earth, and do it 

with minimal prosthetic dependence.  
That, in essence, is the ethic of 

sustainable development.”   

E.O. Wilson, Consilience
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Expanding 
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The infamous 
net energy balance
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Land resources



Defining Sustainable Biofuels

Tackling the 
sustainability of biofuels

12

“EU did not foresee the problems raised by its policy to 
get 10% of Europe's road fuels from plants.”

BBC News January 2008

Land resources
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The effect of land 
use change on 

greenhouse gas 
emissions of 

biofuels
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Water resources

“The Future Is Drying Up” 
                         Magazine
October 2007

Can we afford 
5 gallons of 

water per gallon 
of biofuels?
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Life cycle 
analysis 
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Is bioethanol from corn stover sustainable?

68

Figure 25: Distribution of soil types in Iowa Used in Soil Carbon

Modeling

For each county, area-weighted frequency distributions of soil types were
determined based on the relative proportion of soil types.  Identification of

soil types yielded six to ten soil types per county.

Our approach to characterizing soils for the purposes of predicting limits to

collection due to soil erosion is based on USDA’s Land Capability

Classification system.[66] The Natural Resources Conservation Service has
used land capability classification for over forty years as a tool for

identifying appropriate conservation practices that will allow sustainable
farming on the land.[113]  The current land capability classification includes

eight classes designated as Roman numerals I through VIII.  The first four
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Integrating diverse 
models

✓TEAM for LCA

✓Century for soil

✓RUSL for Erosion

✓AspenPLUS for 
process design

✓ORIBUS for 
biomass transport
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Figure 4: Using life cycle analysis to integrate specialized models
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of carbon from one pool to another and the flow of carbon into and out of

the soil.  This is what gives CENTURY its dynamic nature.  Each of the
control points between compartments in the model involves assumptions

about the nature and rate of these processes.

The process of decomposition controls the flow of carbon.  CENTURY

assumes that all carbon decomposition flows are a result of microbial
activity, and that microbial respiration is associated with each of these

flows.  That is why the flows in and out of carbon pools in Figure 28 have

flows of carbon dioxide associated with them.

Figure 28: Simplified Schematic of the CENTURY Submodel for Soil
Organic Matter

Agroecosystem model

The simple 
version of 
the SOM 
submodel in 
Century
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corn production with no till is first introduced.  After twenty years, the

savings in atmospheric carbon occur at only one third the initial rate.
Conversely, collecting residue at the maximum rate causes an initial transfer

of carbon from the soil into the atmosphere.  But this impact is relatively
small, and also dissipates over time.  In many counties, unlike the profile

shown here for state-aggregated data, soil carbon flows actually reverse
under no till and maximum residue collection—from being a net positive

flow to the atmosphere to being a net negative flow.  The aggregated state-

level correlations used to generate these carbon flow curves appear to be
less reliable than the county level correlations.  No state level correlations

were used in the life cycle model.  They are presented here to provide a
general perspective for carbon flows in the state of Iowa.

Impacts of incremental fertilizer demand

We do not apportion the entire burden associated with nutrient additions
on the farm to the overall life cycle of using ethanol made from corn stover.

The apportionment of burden is based on the fact that we have modeled a
switch from the predominant rotation of corn and soybean production to

continuous production of corn.  These shifts are shown graphically in
Figure 45.

Figure 45: Changes in Nutrient Use Due to Modeled Options

We show how the calculation is done for nitrogen.  The methodology is the

same for the other nutrients.  We do not include all of the burden of the
use of these fertilizers to produce current corn and soybean crops.  The

current nitrogen fertilizer application rate for the two years is the sum of
the nitrogen use for continuous corn and corn-soybean farmers.  If xcc is

the fraction of corn farmers practicing continuous corn, then
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Figure 65: Overall Carbon Balance for Stover-to-Ethanol Plant Design25

                                                       
25 This does not include biomass carbon losses associated with the cellulase enzyme production step.  Cellulase production is treated as as a separate commercial design in the 2000
process design report issued by NREL
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Figure 66: Energy Flows in the Stover-to-Ethanol Biorefinery

Stover to ethanol 
model

22
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ethanol production at a rate less than the maximum stover removal
rate for maintaining soil carbon levels

3. No-till/continuous corn production with maximum collection of
corn stover for maximum recycling of the carbon in stover as a
feedstock for fuel used in passenger cars.

Figure 98: Two Possible Futures for Carbon Sequestration and

Carbon Recycling

Expanding resources

Leveraging non-renewable energy resources

Total non-renewable energy savings for maximum carbon recycling
One of the hypotheses that motivates this study is that ethanol made from
corn stover can substantially reduce our consumption of non-renewable
energy.  Of primary interest to the Department of Energy today is the
reduction of our dependence on foreign oil, but the notion of reducing our
reliance on fossil energy in general is also a priority.

Another hypothesis is that ethanol made from stover is “renewable.”  In the
simplest view of the term, ethanol is “renewable” because we can grow new
corn plants each year.  But it goes without saying that, if the production of
ethanol from stover consumes substantial amounts of fossil energy along
the way, it is not truly renewable.  Thus, it is important to understand how
much non-renewable energy is consumed throughout the life cycle,
compared to the amount of non-renewable energy saved by displacing
gasoline.

The view from the car
The life cycle system, as we have defined it, generates a directional estimate
of our metrics of sustainability because it subtracts the current systems for
farming and transportation from whatever scenario we choose to model.
Since the scenario for gasoline represents no change from the current
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Increased N2O, CH4

View from 
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However, as we see in Figure 147, getting to steady state will take a long
time.

Methane and nitrous oxide emissions
Figure 148 shows the relative change in methane and nitrous oxide
emissions in the combined farm/travel system for displacement of gasoline
by various blends of ethanol.

Figure 148: Relative Change in N2O and CH4 Emissions for

Displacement of Gasoline by Various Ethanol Blends—the View

from the Car (grams CO2 eq per mile)

The displacement of gasoline by ethanol increases emissions of methane
and nitrous oxide by 5.9 grams per mile on an equivalent CO2 basis.  As
shown in Figure 149, stover-derived ethanol has more than twice the
amount of life cycle methane and nitrous oxide emissions as gasoline.

Figure 149: Comparison of N2O and CH4 Methane Emissions for

Gasoline and Various Ethanol Blends—the View from the Car (grams

CO2 eq per mile)
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The life cycle flows of N2O and CH4 are shown for each life cycle stage in

Figure 150.  Emissions in the feedstock production stage are 18 grams of
CO2 eq per mile.  Emissions of N2O come from the soil.  Sources of

methane emissions in the feedstock production stage are shown in Figure
151. 94% of the methane emissions come from the production of nitrogen

fertilizer.  Conversion credits of N2O and CH4 amount to only 7.5 gram.

Figure 150: Life Cycle Flows of N2O and CH4 for the Displacement of

Gasoline by E100—the View from the Car (grams CO2 eq per mile)

Figure 151: Sources of Methane Emissions on the Farm

Total greenhouse gas emissions

To estimate total greenhouse gas emissions, we need to combine estimates
for soil CO2, fossil CO2, methane and nitrous oxide emissions.  Figure 152

shows the relative change in combined emissions of greenhouse gases
immediately following the introduction of stover-derived ethanol in various

blends.  The total greenhouse gas emissions include the response of the soil,

which means that the these results are time-dependent.  Figure 152 shows
the change in greenhouse gas emissions at time zero, when stover collection

is first introduced.  Soil carbon actually adds about 15 grams of CO2 per
mile to the total greenhouse gas inventory at the start (see Figure 147).
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Figure 152: Relative Change in Life Cycle Greenhouse Gas Emissions

after Initial Introduction of Various Ethanol Blends--the View from

the Car (grams CO2 eq per mile)

Even with the additions of N2O, CH4 and soil CO2 effects, introducing
stover derived ethanol as a fuel to displace gasoline leads to a savings of 409
grams of CO2 eq per mile driven.

Figure 153 compares the gasoline and stover-derived ethanol life cycle
emissions of greenhouse gases.  Gasoline emissions have increased from
380 to 385 grams CO2 eq per mile because we are accounting for methane
and nitrous oxide emissions in the gasoline life cycle, as well.  Likewise, the
net negative flow of greenhouse gas emissions for the case E100 is now
reduced from –50 to –24 grams CO2 eq per mile as a result of accounting
for methane and nitrous oxide emissions.  Still, overall, ethanol has 106%
lower emissions of greenhouse gases than gasoline.

Figure 153: Comparison of Life Cycle Total Greenhouse Gas Flows
for Gasoline and Various Ethanol Blends—the View from the Car

(grams CO2 eq per mile)

Figure 154 shows where the life cycle flows of greenhouse gases occur in
the combined farm/travel system.
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Figure 154: Life Cycle Flows of Greenhouse Gases for after Initial
Introduction of E100--the View from the Car (grams CO2 eq per mile)

Total greenhouse gas emissions on the farm are now 50% higher than the
estimate of emissions based solely on fossil CO2 as a result of accounting
for soil carbon, nitrous oxide and methane emissions.

It is important to keep in mind that these emissions are no longer “static.”
They change with time. Figure 155 shows the 90-year projected profile for
total greenhouse gases in our combined farm/travel system.

Figure 155: Avoided Emissions of Greenhouse Gases over Time for

Displacement of Gasoline by E100--the View from the Car (grams

CO2 eq per mile)

Sources of GHGs

Accounting 
for soil 
effects 
increases 
farm GHGs 
by 50%
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Figure 154: Life Cycle Flows of Greenhouse Gases for after Initial
Introduction of E100--the View from the Car (grams CO2 eq per mile)

Total greenhouse gas emissions on the farm are now 50% higher than the
estimate of emissions based solely on fossil CO2 as a result of accounting
for soil carbon, nitrous oxide and methane emissions.

It is important to keep in mind that these emissions are no longer “static.”
They change with time. Figure 155 shows the 90-year projected profile for
total greenhouse gases in our combined farm/travel system.

Figure 155: Avoided Emissions of Greenhouse Gases over Time for

Displacement of Gasoline by E100--the View from the Car (grams

CO2 eq per mile)
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work depends on the local soil, land, and climate conditions.  We look at

this scenario as thee most aggressive scenario available for farmers to
sequester carbon and still continue to produce corn.  It is the “best case”

scenario for carbon sequestration by corn farmers.  We look at this scenario
from two perspectives—the farm and the car.

The view from the car
As the amount of stover removed is reduced, the life cycle system we have

constructed shifts from carbon recycling to carbon sequestering.  This is

illustrated very dramatically in Figure 158, which shows the projected
savings in CO2 per mile for different stover removal rates.

Figure 158: The Effect of Stover Removal Rate on Greenhouse Gas
Reductions—the View from the Car (grams CO2 per mile)

Stover removal rate is expressed as a percent of the maximum rate of stover
removal.  As removal rate decreases, the amount of CO2 avoided rises

dramatically in the first 20 to 40 years.  In these early years, soil carbon
levels rise dramatically, with a concomitant increase in greenhouse gas

savings.  From the conventional life cycle perspective, in which we are

concerned solely with the sustainability of the delivered service (in this case,
one mile of travel), we would conclude that the best scenario for sustainable

travel is one in which as little stover as possible is removed.  In this
scenario, the system takes advantage of carbon sequestration benefits in the

short term.  But carbon sequestration is a transient process.  As the soil
approaches a new equilibrium, it gradually loses its ability to absorb carbon.

Ultimately, the system gets to take advantage of the long-term carbon
recycling benefits of using some of the stover as fuel., thus maintaining a

long term, stable savings in greenhouse gases.

This limited life cycle perspective seems to suggest that there is a scenario in
which we can have our cake and eat it too.  But, of course, this is not the

case.  The less stover we remove, the less fuel ethanol is available to the
driver.

The view from the farm
When we change the functional basis of comparison from a mile traveled to

the use of an acre of land, the long-term limitations of the sequestration
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perspective 
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dramatic 
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Figure 164: Relative Change in Life Cycle Emissions of NOx for the

Displacement of Gasoline by Various Ethanol Blends—the View

from the Car (grams NO2 per mile)

Figure 165: Comparison of Life Cycle Flows of NOx for Gasoline and

Various Ethanol Blends--the View from the Car (grams NO2 per

mile)

Figure 166: Life Cycle Flows of NOx for Displacement of Gasoline by

E100--the View from the Car (grams NO2 per mile)
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86% of farm 
emissions 
are from the 
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Figure 164: Relative Change in Life Cycle Emissions of NOx for the

Displacement of Gasoline by Various Ethanol Blends—the View

from the Car (grams NO2 per mile)

Figure 165: Comparison of Life Cycle Flows of NOx for Gasoline and

Various Ethanol Blends--the View from the Car (grams NO2 per

mile)

Figure 166: Life Cycle Flows of NOx for Displacement of Gasoline by

E100--the View from the Car (grams NO2 per mile)
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E.O. Wilson, Consilience
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“Thousands in Mexico City Protest Rising 
Food Prices”
January 2007

Ethics and the 
sustainability of biofuels
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Quality of life
The tortilla effect
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Quality of life
The brewery effect?

“Biofuel brews up higher German beer prices”
Associated Press, May 2007
“Hops shortage coming to a head
”Rocky Mountain News, January 2008
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Quality of life
Developing countries’
developing demand

The Food Chain:  A Global Need for Grain That 
Farms Can't Fill 
                          
March 2008

Nigerian appetite for grain  
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“We need an LCA process that addresses all 
sustainability issues and is accepted worldwide”
Paraphrased from talk by Dean Simeroth, CARB, commenting on hurdles 
facing implementation of a low carbon fuel standard in California
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LCA as a 
framework for 

dialogue
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Algae’s 
renaissance

Two years ago, my phone at 
NREL began ringing off the 

hook with inquiries from 
investors

Our close-out report on algae 
is now the #1 download on 

NREL’s website
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www.nrel.gov

http://www.nrel.gov
http://www.nrel.gov
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Algae—the other biomass

Macroalgae
Microalgae

Emergents
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Algae—the other biomass

✓A High-Risk, High-Benefit 
Opportunity

• Prehistoric plants that 
grow where few other 
plants could survive 

• Hot climes

• Salt water
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NREL’s production concept
was a new kind of farming

✓ The open ponds

✓ Recycle CO2 
from power 
plants
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